Abstract. Animal studies have shown that tobacco smoke can induce lung cancer in mice,and that the intake of Vitamin E (VE) has a protective effect against its risk. However, the mechanisms of action of VE remain unclear. In this study, DNA microarrays for gene expression profiles of the mouse genome were applied in order to screen for the upregulated genes associated with VE intervention in smoke-induced lung cancer. Real-time PCR was used to validate the screened upregulated angiopoietin-3 gene (Ang-3), and Western blotting was used to investigate the expression of the Ang-3 protein.
Introduction
Lung cancer presents the highest incidence and mortality of all malignancies (1-3). Epidemiological surveys and animal studies have illustrated that smoking tobacco is the main cause of lung cancer (4) (5) (6) . Chemoprevention, particularly antioxidant intervention, may prove an effective approach to reducing the incidence of lung cancer; however, epidemiological surveys have demonstrated that antioxidant intervention in the prevention of lung cancer has significally different, even counterproductive, outcomes (7) (8) (9) (10) (11) . By means of an animal study, we validated that vitamin E (VE) can significantly reduce the incidence and number of tumors in lung cancer (12) . However, the mechanisms of its action remain unclear (12) . Currently, an increasing number of studies indicate that lung cancer may be associated with maladjustment in the regulation of multiple gene expression (13) (14) (15) (16) . Studies on these genes not only assist in clarifying the mechanisms of carcinogenesis, but also screen for important molecular markers of lung cancer, laying the foundations for the diagnosis, treatment and prevention of tumors. However, traditional techniques are inadequate for the effective analysis of gene expression in the whole genome or for the identification of new genes. DNA microarrays can be used to monitor gene expression in the whole genome (17) (18) (19) , clarify the mechanisms of smokinginduced lung cancer and VE intervention, and discover new genes. However, the reproducibility of gene chip assays is relatively poor, and further validation is required.
In this study, a gene chip assay was used to screen whole mouse genome sequences for upregulated genes associated with smoking-induced lung cancer and VE intervention. Realtime FQ PCR was then applied to identify significantly upregulated Angiopoietin (Ang)-3 in tumor samples screened by the assay, and finally Western blotting was used to analyze the protein expression of Ang-3. The study aids in clarifying Ang-3 function, particularly its role in smoking-induced lung cancer.
Materials and methods
Animals. Approximately 5-week-old male and female Swiss mice weighing 18-20 g were purchased from the Laboratory Animal Center of the Academy of Military Medical Science (Beijing, P.R. China). Twenty-five mice were housed per cage under standardized conditions with free access to pelleted food or test diet and tap water. All studies were performed with the approval of the Experimental Animal Committee at the Institute of Environment and Health.
Intervening effect of vitamin E on passive smoke-induced mouse lung cancer. Mice were subjected to the environmental tobacco smoke (ETS) system, as previously described (4) . In brief, they were exposed to a mixture of 89% sidestream and 11% mainstream smoke generated by the burning of cigarettes Table I , and data not shown. One hunded and fifty male and female mice were randomly divided into three groups: normal controls, mice exposed to tobacco smoke (TS), and mice exposed to tobacco smoke plus VE (VE+TS) (n=25). Mice were exposed to smoke for 6 h each day, 5 days a week for 5 months, followed by recovery for 4 months. VE was administered via their diet at a dose of 100 mg/kg/day.
Twelve lung tissue samples snap-frozen in liquid nitrogen were taken from each of the following groups: the control group, the TS group, the VE+TS group, and from the tumor (T) group of mice with ETS-induced tumors.
Pathological testing. Towards the end of the smoking challenge experiments, mice were anesthetized and peripheral blood was collected via orbital sinus venipuncture. To analyze the incidence and multiplicity of lung cancer, lungs were harvested and half the samples were randomly selected for fixation in Tellyesniczky's solution (70% ethanol, formaldehyde and acetic acid at a ratio of 20:5:3). The remaining samples were snap-frozen in liquid nitrogen. Tumors were counted with an anatomic microscope. Lung samples with tumor nodules were embedded in paraffin, sectioned and stained using H&E for pathological analysis.
cDNA microarray analysis. Five normal lung tissue samples were collected from mice without tumors in the control, ETS and VE+TS groups, each. Tumor tissue (without normal lung tissue) was collected from the TS mice. Total-RNA was extracted from 50-100 mg of a mixture of mice lung tissues from each group using TRIzol (Qiagen, Chatsworth, CA, USA), then further purified using RNeasy columns and ribonuclease-free deoxyribonuclease I (Qiagen) according to the manufacturer's instructions. Analysis of gene expression was carried out with MOE430 A&B gene chips (Affymetrix, Santa Clara) from Shanghai Genechip Co. (Shanghai, P.R. China). Preparation and hybridization of cDNA probes were performed as previously described (20) . Standard Affymetrix protocols (www.affymetrix.com/index.affx) were used to generate RNA probes from 5 μg of extracted RNA. The samples were hybridized to the MOE430 A&B chips on a gene chip system (Affymetrix) at the Shanghai Genechip Co. (www. shbiochip.com/indexe.html) according to the manufacturer's instructions. All data were analyzed according to previously described procedures (21) (22) (23) (24) . To identify genes differentiallyregulated by ETS with a high level of confidence (ratio ≥1.0-fold change, <5% false discovery rate), the significance analysis of microarray (SAM) (22) was used to compare expression levels in the control, TS and VE+TS samples. Gene function was analyzed based on available published data in the PubMed (www.ncbi.nlm.nih.gov/entrez) and NetAffx databases.
Real-time FQ PCR. cDNA was reverse transcribed using the First Strand cDNA Synthesis Kit (Fermat) according to the manufacturer's protocol. Real-time PCR was conducted using SYBR ® Premix Ex Taq™ kit (Takara, Kyoto, Japan) on an iCycler iQTM real-time PCR detection system (Bio-Rad, Hercules, CA, USA). Data were analyzed using the ΔΔCT method as previously described (25) . Primers used for the Ang-3 reactions were 5'-AGG TGG CTG GAC CCT CAT CCA G-3' (forward) and 5'-CCC AGC CAG TGC TCT CTG GCC-3' (reverse) (accession number: AF113707). Primers used for the ß-actin reactions were 5'-GAC AGG ATG CAG AAG GAG A-3' (forward) and 5'-GCT GGA AGG TGG ACA GTG AG-3' (reverse) (accession no.: NM_009609.2). PCR products were obtained by Ang-3 and ß-actin reactions at 110 and 207 bp, respectively.
Western blot analysis. Total proteins were obtained for Western blot analysis by the lysis of lung tissues in buffer containing 20 mM Tris, 150 mM NaCl, 1% NP-40, 1% SDS, 5% glycerol and a Complete mini protease inhibitor cocktail tablet (Roche, NJ, USA). Proteins (50 μg) were separated on 12% SDS-polyacrylamide gel and transferred to nitrocellulose filters. These were then blocked in Tris-buffered saline with Tween buffer containing 5% skimmed milk and incubated overnight with a monoclonal antibody to Ang-3 (Santa Cruz), followed by the addition of horseradish peroxidase-linked anti-mouse IgG (Zhongshan Biotechnology Co., Ltd., Beijing, P.R. China) and ECL visualization of the bands.
Statistical analysis. The statistical significance of the differences between the treatment groups was determined using the standard computerized statistical program SPSS 11.5. p≤0.05 was considered significant.
Results
Incidence and multiplicity of lung cancer. The natural incidence of lung cancer in the C group was 16%. The incidence and multiplicity of lung cancer in the smoke-exposed groups were significantly higher than in the C groups (p<0.05). VE intervention decreased the incidence and multiplicity of lung cancer caused by exposure to smoke (p<0.05) ( Table I) . Table I . Effect of VE intervention on the incidence and multiplicity of smoke-induced lung cancer. 
TS, mice exposed to ETS; T, mice with ETS-induced tumors; VE+TS, mice exposed to ETS with VE intervention; a Compared to the control group, p<0.05; a Compared to the TS group, p<0.05.
-
Histopathology revealed that all the lung cancer nodules were solid lung adenomas. These adenomas comprised wellcircumscribed areas of proliferating polygonal-to-cuboidal cells, which lined and filled the alveoli, occasionally exhibiting cytoplasmic vacuolization and mucus production. Foci exhibiting hyperchromasia and cytologic and/or nuclear atypia were observed in some adenomas. Normal pulmonary architecture was destroyed, and the adjacent parenchyma was compressed by the lung cancer nodules (Fig. 1, and data not shown) .
Gene chip detection and analysis. Eight chips (4x2) exhibiting the gene expression profile of the whole mouse genome were used to detect gene expression in the control, TS, VE+TS and T groups. The upregulation of a gene was determined by comparing the data of the T group with that of the other groups. As a result of the comparison, 621 upregulated genes (ratio ≥1.0-fold change, <5% false discovery rate) were discovered, including 293 genes whose function remains unclear. Among the upregulated genes, the following 7 oncogenes were identified: Cxcl1, Ect2, Fosb, MGC79224, Rab20, Rab27a and Ros1. Other upregulated genes were mainly functional genes participating in the signal transduction pathway, cell cycle regulation, cell adhesion, immune and inflammatory reactions, cell differentiation, metabolism, transcriptional regulation, apoptosis, angiogenesis, hydrolysis of protein and amino acids, DNA repair, phosphorylation, intracellular protein transport, electron transport, cell death, fatty acid biosynthesis, etc.
At a ratio ≥2, only two upregulated oncogenes remained. Of the upregulated genes, 59 were functional genes involved in signal transduction pathways, cell cycle regulation, cell adhesion, immune and inflammatory reactions, cell differentiation, metabolism, transcriptional regulation, hydrolysis of protein and amino acids, etc. There were 60 upregulated genes whose functions remain unclear.
Gene-chip detection results may contain certain errors, and further validation of the upregulated expression of certain genes is therefore required. We selected Ang-3 from among the upregulated genes (Table II) for identification by real-time PCR and Western blotting.
Detection of Ang-3 mRNA expression by real-time FQ PCR.
First, statistical analysis using Ang-3 expression data obtained for the female and male mice of each group was performed. No statistically significant differences were found between males and females within each group (p>0.05). Data from the female and male mice were then combined for intergroup comparisons. The results indicate that Ang-3 mRNA expression was markedly higher in the TS, VE+TS and T groups than in the controls (p<0.05), markedly higher in the T group than in the TS group (p<0.05), and markedly higher in the VE+TS group than in the control or TS groups (p<0.05). Though expression in the VE+TS group was lower than in the T group, this was not statistically significant (p>0.05) ( Table III) .
Expression of Ang-3 protein detected by Western blotting.
Ang-3 protein expression was markedly higher in the TS group than in the controls (p<0.05), markedly higher in the T group than in the control and TS groups (p<0.05), and markedly higher in the VE +TS group than in the controls Figure 1 . Expression of Ang-3 protein in mouse lung tissues. C, normal controls; TS, mice exposed to ETS; T, mice with ETS-induced tumors; VE+TS, mice exposed to ETS with VE intervention; * compared to controls, p<0.05; # compared to TS, p<0.05). Table II . Expression of the Ang-3 gene detected by microarray.
A
TS, mice exposed to ETS; T, mice with ETS-induced tumors; VE+TS, mice exposed to ETS with VE intervention. Table III . Expression of Ang-3 mRNA (x ± s). 
TS, mice exposed to ETS; T, mice with ETS-induced tumors; VE+TS, mice exposed to ETS with VE intervention; a compared to controls, p<0.05; b compared to TS, p<0.05.
(p<0.05). Though expression in the VE+TS group was lower than in the T group and higher than in the TS group, this was not statistically significant (p>0.05), (Fig. 1) .
Discussion
Cigarette smoking-induced lung cancer and VE intervention might involve the synergistic effect of multiple genes. The results of gene chip detection adequately confirm this notion. The functions of the upregulated genes are mainly participation in signal transduction pathways, cell cycle regulation, cell adhesion, immune and inflammatory reactions, cell differentiation, metabolism, transcriptional regulation, apoptosis, angiogenesis, hydrolysis of protein and amino acids, among others. In addition, there are a large number of upregulated genes whose functions are unclear, which may be prospective new genes. We believe our findings are of significant value, and that further study of the molecular mechanisms involved in smoke-induced lung cancer and VE intervention is warranted. This study further investigated Ang-3 expression, screened using gene chip detection. Real-time FQ-PCR revealed that Ang-3 mRNA expression was markedly higher in the TS group than in the control group, illustrating that smoking significantly upregulates this gene. Moreover, Ang-3 mRNA expression was highest in the T group -markedly higher than in the control group and higher than in the TS group -suggesting that this gene might be closely related to tumorigenesis and development. This result conforms to the results of gene chip detection. However, although VE intervention markedly decreased the incidence and number of tumors in smoking-induced lung cancer (12), Ang-3 mRNA expression was not significantly reduced. This indicates that VE prevention of smoking-induced lung cancer is not achieved through regulation of the Ang-3 gene, contrary to the results of gene chip detection, which suggested that VE might reduce Ang-3 expression.
Western blot analysis revealed that Ang-3 protein expression was significantly higher in the TS group than in the control group, demonstrating that smoking not only promotes the expression of Ang-3 mRNA but also accelerates the expression of its protein. Ang-3 protein expression was highest in the T group -markedly higher than in the control and TS groupsfurther illustrating that expression of the Ang-3 gene and its protein might be associated with carcinogenesis and the development of smoke-induced lung cancer. Although VE intervention reduced Ang-3 protein expression as compared to the T group, it seemingly increased Ang-3 protein expression as compared to the TS group. This conforms to the results of real-time FQ-PCR.
The Ang family comprises four molecules -Ang-1, Ang-2, Ang-3 and Ang-4 (26) -and participates primarily in the regulation of multiple angiogenic growth factors during angiogenesis. A relationship between lung cancer and Ang-1 and Ang-2 has been reported. Wong et al (28) and Reinmuth et al (29) found that Ang-1 presents high expression in normal lung tissue or in the lung cancer tissue of patients with a better prognosis. However, Takahama et al (30) reported that expression of Ang-1, Tie2, vascular endothelial growth factor (VEGF) and CD31 mRNA was significantly higher in tumors than in tumor-adjacent tissue. Most reports indicate that Ang-2 presents high expression in lung cancer, particularly in nonsmall cell lung carcinomas (28, (31) (32) (33) . In contrast to Ang-1, positive expression of Ang-2 might indicate a poor prognosis for lung cancer (34) .
Ang-3 is a newly-discovered Ang family member (26) . Mouse Ang-3 is located on chromosome 2. Its complete length is 1530 bp, and it has an open reading frame coding 509 amino acids. To date, Ang-3 expression has only been observed in lung cells and human umbilical vein endothelial cells (HUVECs). VEGF can upregulate Ang-3 expression and downregulate Ang-2 expression in HUVECs (35) . Reports have confirmed that Ang-3 and Ang-2 can compete with Ang-1 to bind to Tie-2, thereby impeding Ang-1-induced Tie-2 phosphorylation (36, 37) . However, there is limited information regarding the biological function of Ang-3, and even less information regarding its relationship with tumors. Xu et al (38) reported that Ang-3 overexpression inhibited lung metastasis in Lewis lung carcinoma and mammary carcinoma by suppressing tumor angiogenesis and promoting tumor cell apoptosis. Although this suggests that Ang-3 might inhibit cancer metastasis, it cannot explain the relationship between Ang-3 and lung cancer. Thijssen et al (39) introduced ovarian carcinoma cells into nude mice and obtained a xenograft tumor. After detection, they found that Ang-3 was upregulated in nontumor cells. Thus far, there have been no reports regarding the relationship between Ang-3 and lung carcinogenesis and development. For the first time, our study proves that smoking can promote the expression of Ang-3 mRNA and protein, and that Ang-3 is overexpressed in smoking-induced lung cancer.
In this study, a DNA microarray of the gene expression profile of the whole mouse genome, real-time FQ PCR and Western blotting were used to prove that smoking can significantly upregulate the expression of Ang-3 mRNA and protein. This expression was highest in tumor tissue, indicating that Ang-3 might promote carcinogenesis and the development of lung cancer. However, the relationship between Ang-3 and smoking, as well as the expression of Ang-3 in lung cancer, needs to be tested and validated by clinical trials. If Ang-3 exhibits high expression in human lung cancer, it could serve as an indicator for lung cancer prognosis in a similar fashion to Ang-1 and Ang-2. In the meantime, it may become a target for lung cancer treatment. However, no clear relationship between VE intervention, smoking-induced lung cancer prevention and Ang-3 has been found. This provides the basis for further investigation of the function of Ang-3 and its role in the carcinogenesis of lung cancer.
